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Upregulation of histidine decarboxylase expression
in superficial cortical nephrons during pregnancy
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Mechanisms regulating pregnancy-induced changes in renal
function are incompletely understood. Few candidate genes
have been identified and data suggest that alternate
mechanisms remain to be elucidated. Our objective was to
screen thousands of genes expressed in kidneys from mice
throughout gestation to identify possible key regulators of
renal function during pregnancy. Mouse complementary
DNA microarrays were used to screen for differences in
expression during pregnancy in C57BL/6 mice. Interesting
candidate genes whose expression varied with pregnancy
were further analyzed by reverse transcription-PCR and
Northern blot. Expression was localized by in situ
hybridization and immunohistochemistry. Follow-up
immunohistochemical analyses in archival human kidney
sections from the fetus, non-pregnant, and pregnant women
were also performed. Histidine decarboxylase (HDC), the
enzyme that synthesizes histamine, was markedly
upregulated in the mouse kidney during pregnancy. HDC
expression localized to proximal tubule cells of fetal and
adult mice. Females showed strong expression in the
juxtamedullary zone before pregnancy and upregulation in
the superficial cortical zone (SCZ) by mid-gestation.
Histamine colocalized with HDC. Male mice showed only low
HDC expression. Similar expression patterns were observed
in human kidneys. Our results show that HDC expression and
histamine production are increased in the SCZ during
pregnancy. If histamine acts as a vasodilator, we speculate
that increasing production in the SCZ may increase renal
blood flow to this zone and recruit superficial cortical
nephrons during pregnancy.
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Pregnancy induces extensive adaptations in mammalian
cardiovascular physiology, including dramatic increases in
blood volume, which are similar in humans,1,2 rats,3 and
mice.4 Increased maternal blood volume may support fetal
growth, as pregnancies complicated by intrauterine growth
retardation show reduced blood volumes compared to
normal pregnancies.5 Reduced plasma volumes are also seen
in women with pre-eclampsia.6–8
Mechanisms mediating hypervolemia of pregnancy are
incompletely understood. The process begins in the first
trimester with primary peripheral vasodilation and relative
underfilling of the arterial circulation.9,10 Systemic vasodila-
tion is usually associated with a decrease in renal blood flow
(RBF) and glomerular filtration rate (GFR). In early
pregnancy, however, RBF and GFR increase by 30–60%,
preceding plasma volume expansion.3,11,12
Failure to increase GFR is associated with abnormal
pregnancies,13 including spontaneous abortion14 and preg-
nancy-induced hypertension.15 Animal models suggest that
failed increases in GFR are linked to failed hypervolemia of
pregnancy,16 which may result from perturbation of a distinct
renal vasodilatory mechanism.17,18
Therefore, the key to understanding how hypervolemia of
pregnancy occurs may be identifying the mechanisms
mediating renal vasodilation. The early stimulus is maternally
mediated19 and is sensed as physiologically normal by the
gravid female.20 The specific renal vasodilators that account
for hemodynamic changes observed in human pregnancy
have not yet been identified.
In rats, nitric oxide synthase (NOS) appears to be
important. Blocking NOS leads to failed increases in GFR
and hypervolemia of pregnancy.16,21 Isoforms of NOS are
expressed in the rat kidney and are upregulated during
pregnancy.22,23 Upregulation of NOS may be mediated by the
ovarian hormone relaxin, which when given to non-pregnant
rats causes similar increases in GFR and plasma volume.24,25
There is currently no support for this model in humans.
Available data based on maternal relaxin levels in human
pregnancy suggest that relaxin, at least in circulating form,
does not mediate systemic and renal vasodilation.26 It is also
unclear whether plasma and urinary nitric oxide increases
in humans.27,28 Nonetheless, neuronal NOS is expressed in
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non-pregnant human kidney29 and may still have a role.
Unlike the rat, however, no renal inducible NOS expression
has been identified in humans.29
It is reasonable therefore to expect alternative, possibly
independent, mechanisms.13,30–32 Provisional support for this
hypothesis is provided by gender differences in RBF and GFR;
specifically, females show a lesser decrease in GFR when
subjected to NOS inhibitors than males.33
Our objective was to identify genes that may be involved
in regulating renal hemodynamic changes during pregnancy.
We elected to study mice rather than rats, because of
the promise of later transgenic manipulation4 and because
of the availability of mouse complementary DNA (cDNA)
microarrays.34
RESULTS
Renal histidine decarboxylase expression is upregulated
in pregnant mice
Mouse cDNA microarrays were used to screen for genes that
are differentially expressed in the kidney during pregnancy.
We ‘supervised’ the microarray data by grouping the
specimens derived from virgin mice and pregnant mice by
gestational age.35 We included two male mice, two post-
partum mice, and two pseudopregnant mice at day 5 for
comparison. Genes were filtered for analysis such that only
genes with log 2 expression ratios greater than 1.5 for two or
more samples were included. In addition, only genes for
which data were available for at least 80% of the samples were
used. A total of 827 genes satisfied these criteria. These genes
were hierarchically clustered based on similarity of patterns
of expression (Figure 1).
Histidine decarboxylase (HDC) showed the most convin-
cingly pregnancy-specific pattern. Based on inspection of
the ‘heat map’, this gene showed peak expression by mid-
gestation, returning to baseline by 21 days postpartum
(Figure 1). Both copies of HDC on the arrays showed a
similar pattern of expression and clustered tightly together.
They formed a cluster with 32 cDNAs representing 24 genes
and expressed sequence tags (panel I in Figure 1). Several of
these genes are noteworthy for their involvement in lipid
metabolism including adipsin, resistin, adiponectin, phospho-
diesterase 6D, fatty acid synthase, and fatty acid binding
protein 4. Whether this represents peri-renal fat contamina-
tion of the specimens is uncertain. A second discrete cluster of
102 genes and expressed sequence tags also showed high
expression at mid-pregnancy (panel II in Figure 1). This
cluster is notable for the variety of hemoglobin genes, which
are probably not expressed by renal tissues, but instead reflect
increased blood flow to the kidney and erythrocyte trafficking.
Two isoforms of NOS were present on our arrays,
endothelial NOS and inducible NOS. Inspection of the raw
data revealed that these genes were well measured in all
arrays, but failed to vary sufficiently enough in the samples to
satisfy our gene filtering criteria. Furthermore, these genes
did not show a tendency toward increased expression in
pregnant vs virgin mouse kidneys (data not shown).
Besides visual inspection of the heat map, we used the
statistical analysis of microarrays (SAM) algorithm to test for
statistical significance.36 This method assigns a score for each
gene on the basis of its change in expression relative to the
standard deviation of repeated measurements for that gene.
Genes are then ranked and plotted. SAM uses an adjustable
threshold in deviation from expected expression to calculate
the false discovery rate (e.g. decreasing the threshold
would increase the number of genes apparently associated
with pregnancy, but would also increase the number of
potential false positives). Employing a false discovery rate of
1% yielded significantly upregulated genes during pregnancy,
but no potentially significant downregulated genes (Figure 2).
Our analyses reproducibly showed HDC (arrowhead) top-
ping the list of pregnancy-associated genes. This observation
was independent of data filtering protocols and inter-
experimental variability.
Needless to say, there are likely false negatives. For
example, this statistical analysis obviously misses genes not
present on the microarray (e.g. renin), and genes that may
still be important regulators of renal physiology during
pregnancy, but show changes in expression less than the
subjectively defined threshold (e.g. angiotensinogen, NOS).
We also considered the possibility that HDC was a false
positive, especially given the reported absence of HDC
expression in the rat kidney by reverse transcription-PCR
(RT-PCR) analysis37 and in situ hybridization.38 We there-
fore confirmed HDC expression in the mouse kidney by
RT-PCR of total RNA prepared from virgin and pregnant
mice throughout gestation. Analysis revealed a band of
expected size (Figure 3a) and sequence (data not shown). A
digoxigenin-labeled cRNA riboprobe was made from the
PCR product and validated using a mouse embryo Northern
blot (Figure 3b), highlighting the expected 2.4 kb transcript
late in gestation.39,40 Together, RT-PCR and Northern blot
analysis supported specific HDC expression and excluded the
possibility of false positive expression due to cross-hybridiza-
tion to related genes such as kidney androgen-regulated
protein41 or dopa-decarboxylase.42
Histidine decarboxylase is upregulated in superficial cortical
proximal tubules during pregnancy in mice
We observed immunostaining for HDC in fetal mouse kidney
by day 16 and intense staining of proximal tubule cells by
day 18 (Figure 4a). In situ hybridization for HDC mRNA
confirmed the presence of transcript in the tubules (Figure 4a
inset). Adult female mice showed strong immunostaining for
HDC in proximal tubules, which were highlighted by
periodic acid-Schiff staining of lumens (Figure 4b).
In situ hybridization studies to localize HDC mRNA
transcript showed marginally detectable expression levels
before pregnancy (Figure 4c), but abundant transcript in
proximal tubules within the superficial cortical zone (SCZ)
by mid-gestation (day 13) (Figure 4d). Expression levels
remained minimal in the juxtamedullary zone (JMZ) (Figure
4d, inset, asterisk).
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HDC protein was detectable by immunohistochemistry
in proximal tubule cells predominantly within the JMZ
(highlighted by asterisk) before pregnancy (Figure 4e).
In contrast, HDC was readily detectable in the SCZ
during pregnancy, consistent with increased expression
in this zone detected by in situ hybridization. There was
also HDC protein in the JMZ during pregnancy, but it
did not appear markedly increased and no appreciable
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Figure 1 | Heat map representing hierarchical clustering of mouse kidney cDNA microarray data. Red and green squares represent
expression levels greater than or less than the mean, respectively. Black squares represent mean expression levels and gray squares are missing
data. Examples of data from virgin, male, pseudopregnant (day 5), pregnant, and postpartum mice are shown. HDC expression, as measured by
two separate cDNA spots on the array, is highlighted by arrow. HDC is seen in the first of two clusters of genes upregulated during pregnancy
(panels I and II). The genes in panel I show some expression in postpartum mice, whereas the genes in panel II are expressed during
mid-gestation. The full data set is accessible on the accompanying website (http://genome-www.stanford.edu/microarray).
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increase in mRNA transcript was detected in this zone
during gestation.
To test whether HDC expression reproducibly increased in
the SCZ during pregnancy, we immunostained our entire
study set in triplicate and scored sections (0–2 point scale) for
the presence and intensity of HDC signal in the SCZ and
JMZ. Two independent pathologists (TM and JH) scored the
data set while blinded to gestation. Concordance between
investigators was excellent (R¼ 0.85). Our analysis showed
that HDC immunostaining increased in the SCZ during
pregnancy, but not the JMZ (Figure 5c). Compared to virgin
mice, immunostaining was markedly increased by day 13.
Signal in both the SCZ and JMZ dramatically decreased at
term (day 18) and returned to baseline by postpartum day 21.
These observations suggest that HDC is upregulated
specifically in the SCZ during pregnancy.
Renal histidine decarboxylase expression in males
HDC expression was markedly reduced in male mice
compared to virgin female mice (Figure 6). Immunostaining
kidney sections from male mice (n¼ 2) and age-matched
virgin females (n¼ 10) showed only weak diffuse signal in
males. This observation was also supported by our micro-
array (Figure 1) and RT-PCR analyses (data not shown).
Renal histidine decarboxylase in the human fetus and
women
Analysis of human archival tissue samples was limited to
immunohistochemistry. However, similar to mice, the hu-
man fetus and pregnant woman express HDC in proximal
tubules (Figure 7). Although our pregnant human samples
were limited to late gestation and pregnancies complicated by
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Figure 2 | SAM plot comparing expression patterns in virgin and
pregnant mouse kidneys. Observed vs expected differences in gene
expression were ranked and plotted. The dotted line represents an
adjustable threshold in deviation from expected expression levels,
which SAM uses to calculate the false discovery rate. Employing a
false discovery rate of 1% yields significantly upregulated genes
during pregnancy, but no potentially significant downregulated
genes. The SAM plot shows that HDC expression (arrowhead) is the
most strongly upregulated gene during pregnancy. Notably, there
are likely false negatives, such as intrarenal angiotensinogen (arrow).
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Figure 3 | Verification of HDC expression in mouse adult and fetal
kidney. (a) RT-PCR analysis of mouse kidney total RNA for HDC
mRNA performed in duplicate at various gestational ages revealed a
band of expected size and sequence (data not shown). (b) Using a
riboprobe synthesized from the RT-PCR product, Northern blot
analysis of mouse fetal mRNA revealed a transcript of expected size
(2.4 kb). The control band is b-actin.
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Figure 4 | HDC is expressed in fetal and adult mouse proximal
tubule cells. (a) Fetal mouse kidney (day 18) served as a positive
tissue control for HDC expression, which is seen in proximal tubule
cells (arrows) by immunostaining and by in situ hybridization (inset).
(b) Adult female mice similarly show HDC in proximal tubules
(highlighted by periodic acid-Schiff stain). (c) In situ hybridization
shows minimal to absent HDC mRNA transcript before pregnancy.
(d) By mid-gestation, there is abundant HDC transcript within
proximal tubules (arrow), predominantly in the SCZ (inset). (e) Before
pregnancy, female mice show immunostaining for HDC protein in the
JMZ (asterisk) and minimal staining in the SCZ. (f) By mid-gestation,
HDC protein is also abundant in the SCZ. Chromogen is brown and
tissues were counterstained with hematoxylin. Bar¼ 100 mm.
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severe pre-eclampsia and thromboemboli, HDC was readily
identified throughout the cortex during pregnancy (Figure 7b
and c). Again similar to mice, HDC predominantly localized
to the JMZ (asterisk) in non-pregnant female subjects (Figure
7d). This pattern was uniform regardless of patient age (1–55
years). Male subjects were not tested.
Histamine colocalizes to the superficial cortical zone during
pregnancy
We observed colocalization of histamine and HDC in fetal
mast cells and day 18 fetal kidney proximal tubules (Figure 8a
and b). Histamine was abundant in the cortex of the
pregnant mouse late in gestation (Figure 8c). Most of the
signal localized to the interstitial space within the SCZ. There
was only weak signal in proximal tubule cells (inset, arrow).
In contrast, before pregnancy, histamine was limited to the
JMZ (Figure 8d, asterisk).
DISCUSSION
Our cDNA microarray analysis of kidneys from pregnant
mice compared to virgin mice yielded HDC as a gene that
may play an important role during gestation. We showed that
HDC is expressed in the proximal tubules of mice and
humans, in the fetus and the adult. Female mice expressed
more HDC than males.
HDC is a well-conserved single-copy gene40,43 that makes
a 2.4 kb transcript and multiple post-translational isoforms,
which may have different levels of activity.44 HDC is
upregulated by estrogen, thyroxine, and progesterone, and
downregulated by testosterone, which may explain why
expression levels increase during pregnancy and are greater
in females than males.45,46
HDC is an enzyme that converts L-histidine to histamine.
HDC knockout mice fail to make histamine.47 Histamine is
an important modulator of numerous physiologic processes,
including smooth muscle tone (usually attributed to an H2
receptor mechanism),32,48–50 and it may also function as a
mitogen.51 Classically, HDC is expressed in mast cells to
generate histamine for regulated exocytosis. However, it is
also expressed in a number of other tissues,37,39 including
blood vessels, stomach, brain, liver, and kidney.
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Figure 5 | Semiquantitative analysis of HDC expression. Kidney
sections from virgin (n¼ 10), pregnant (n¼ 14), and postpartum
(n¼ 2) mice were immunostained in parallel for HDC and scored (0–2
point scale) for the presence and relative intensity of signal in the SCZ
and the JMZ. (a) Example of 2/2 staining in both the JMZ (asterisk)
and SCZ. (b) Example of 1/2 staining in only the JMZ. (c) Data are
shown as meanþ s.d. for each group. There was marked upregula-
tion by mid-gestation, which decreased at term and returned to
baseline by postpartum day 21 (PPD 21).
a b
* *
Figure 6 | Renal HDC expression in virgin female mice
compared to male mice. Male mice reproducibly show minimal
immunostaining for renal HDC (b), which is markedly less than the
staining observed in virgin female mice (a). Asterisk marks JMZ.
Chromogen is brown and sections were counterstained with
hematoxylin. Bar¼ 100 mm.
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Figure 7 | HDC expression patterns in human kidney are similar
to mouse. (a) Human fetal kidney (20 weeks gestation) expresses
HDC in proximal tubules (arrow). (b, c) Kidneys from pregnant
women show HDC in both the JMZ (asterisk) and SCZ. (d) Before
pregnancy, HDC is only detected in the JMZ (asterisk). Chromogen is
brown and sections were counterstained with hematoxylin.
Bar¼ 100mm.
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It is well known that HDC protein is abundant in mouse
kidney.46,52–56 The source of the enzyme, however, was less
clear. For example, expression studies provided convincing
evidence that HDC transcript is not made in kidneys of
pregnant rats.37,38 Instead, HDC expression was localized to
fetal rat liver.38 Removing fetal rats during gestation
eliminated maternal urinary histamine production.57 In
contrast to fetal rats, fetal mice express HDC in the kidney.39
Northern blot analysis has also shown a transcript of roughly
expected size in adult mouse kidney, which disappeared in
HDC knockout mice.56 We confirmed HDC expression in
mouse kidney and demonstrated for the first time that unlike
the rat, human kidney also expresses HDC.
The role of HDC depends on histamine synthesis. Similar
to HDC expression, histamine localized to the JMZ before
pregnancy and to the SCZ during pregnancy. Our data could
not distinguish between locally produced histamine and
circulating maternal histamine, especially as most of the
detectable signal was in the interstitial space. Therefore, it
remains to be seen whether upregulation of HDC in the SCZ
leads to increased local histamine synthesis. We did not
measure urinary histamine in our study, but our observations
suggest that elevated urinary histamine seen in human
pregnancies58,59 may in fact arise from the maternal kidney.
This would be different from the pregnant rat where urinary
histamine appears to arise from the fetal liver.57
Another potentially significant difference observed in our
study was the relative absence of HDC expression in male
mice. The combination of microarray analysis, RT-PCR
studies, and immunohistochemistry showed that virgin
female mice express markedly more renal HDC than males.
Although the data are preliminary and human correlates have
not been performed, it is intriguing to speculate that gender
differences in HDC expression may explain observed gender
differences in RBF.33,60
The role of renal histamine is uncertain, but its function
may be related to increased production in the SCZ during
pregnancy. One hypothesis is that increased histamine
production has a mitogenic affect,51 possibly contributing
to the lengthening of the proximal tubule during preg-
nancy.61 It may also affect sodium reabsorption, possibly via
the H1 receptor.49 Our working hypothesis is that histamine
affects renal vasodilation.32,48–49 Studies performed in
dogs48,49 and rats32 have shown that histamine stimulates
renal vasodilation via an H232,48–49 receptor-mediated
mechanism that appears to be independent of nitric oxide
and prostanoids.32 Histamine H3 receptors have also been
identified in the canine kidney and activation may inhibit
renal noradrenergic neurotransmission.50
Whether upregulation of HDC and histamine production
contributes to gestational increases in RBF and GFR remains
to be seen. We observed peak HDC expression after mid-
gestation. In rats, RBF and GFR show the most dramatic
increases early in pregnancy, before mid-gestation. Renal
expression of inducible NOS and neuronal NOS begins to
increase as early as day 6 in rats,22 providing a viable
mechanism for mediating renal vasodilation early in
pregnancy. HDC upregulation may be too late to mediate
these early changes in mice and humans. However, HDC may
still have a role in maintaining increases in RBF after mid-
gestation. Moreover, because HDC expression and histamine
production appear to be specifically upregulated in the SCZ
during pregnancy, we speculate that histamine-mediated
vasodilation may increase blood flow to the outer cortex after
mid-gestation, effectively recruiting superficial nephrons.
Numerous studies have illustrated functional differences
between superficial and deep cortical nephrons.62–66 There is
little known about differences during pregnancy, but before
pregnancy, deep nephrons have larger glomeruli, are more
responsive to tubuloglomerular feedback, make greater use of
passive transport mechanisms to reabsorb sodium and water,
and are more susceptible to glomerulosclerosis than super-
ficial nephrons.
Before pregnancy, marked increases in GFR would be
expected to lead to increased preglomerular resistance,
decreased RBF, and return to homeostasis. This tubuloglo-
merular feedback mechanism is functional during pregnancy,
but the threshold is ‘reset’ to accommodate marked
gestational increases in GFR.20 This is a job well suited for
deep nephrons.63,65 It may therefore not be surprising that if
HDC regulates zonal RBF, histamine production appears to
be restricted to the JMZ before pregnancy.
During pregnancy, we may expect deep nephrons to be
less tolerant of increases in plasma volume expansion and
renal perfusion.63,65 Indeed, studies have shown that deep
nephrons reabsorb less sodium than the same proportion of
superficial nephrons when the extracellular fluid volume is
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Figure 8 | Histamine colocalizes with HDC expression.
Immunohistochemical localization of histamine in fetal mouse
controls showed signal in mast cells (a) and (b) proximal tubules,
colocalizing with HDC (insets). (c) In pregnant mice, histamine
predominantly localized to the interstitial space of the SCZ and
was weakly seen in proximal tubule cells (inset, arrow). (d) Before
pregnancy, histamine was only seen in the JMZ (asterisk). Chromogen
is brown and sections were counterstained with hematoxylin.
Bar¼ 100 mm.
Kidney International (2006) 70, 306–314 311
TK Morgan et al.: Renal HDC expression in pregnant mice and women o r i g i n a l a r t i c l e
artificially expanded,63 or the renal perfusion pressure is
increased.65 A possible solution may be shifting RBF from the
JMZ to the SCZ during pregnancy.
In summary, our cDNA microarray experiments yielded
HDC as the statistically most significant pregnancy-asso-
ciated gene in the mouse kidney during pregnancy. HDC is
also expressed in human kidney, but reportedly not in the rat.
We speculate that if HDC plays a role in targeting RBF to the
JMZ before pregnancy and increasing blood flow to the SCZ
during pregnancy, zonal differences in nephron function may
be significant. In turn, studies examining the effects of
blocking HDC and/or histamine receptors (especially H2) on
pregnancy may be insightful. It is worth mentioning that
HDC knockout mice are viable and fertile.47,56 The safety of
H1 antagonists during pregnancy is well established, but the
effects of H2 blockers are less certain.67
MATERIALS AND METHODS
Tissue samples
Whole kidneys were harvested from male (n¼ 2), virgin (n¼ 10),
pseudopregnant (n¼ 2; day 5), pregnant (n¼ 14), and postpartum
(n¼ 2; day 21) C57BL/6 mice (Charles River Laboratories, Wilming-
ton, MA, USA) using standard protocols overseen by the Stanford
Administrative Panel on Laboratory Animal Care (APLAC# A3213-
01, protocol #6904). All mice were approximately 10 weeks of age and
maintained on normal diet. Gestational age was dated from timed
matings with C57BL/6 males and confirmed by average crown-rump
length of the litter.68 Mice were killed and samples of whole kidney
were immediately frozen in liquid nitrogen for subsequent RNA
extraction (Trisol; Invitrogen, Carlsbad, CA, USA). The remaining
kidney was fixed in formalin, paraffin embedded, and sectioned for
histologic examination. Specimens from fetal mice (days 16 and 18)
were also prepared. Follow-up immunohistochemical studies in
human kidney were performed using archival paraffin tissue blocks
from autopsy specimens (collected at Stanford University Medical
Center 1990–2005): fetal kidney (20 weeks gestation, n¼ 3), non-
pregnant female subjects (n¼ 10; age 1–55 years), and four pregnant
female subjects (gestational age 35 weeks71 week; two with
hemolysis with elevated liver enzymes and low platelets, one severe
pre-eclampsia, one pulmonary emboli).
Microarray analysis
The mouse cDNA microarrays used in this study represent 43 000
element arrays printed by the Stanford Functional Genomics Facility
(http://www.microarray.org/sfgf/jsp/home.jsp). A total of 13 744
spots have unique unigene cluster ID numbers. Of these, approxi-
mately 8848 represent characterized or partially characterized genes,
and the remainder represent expressed sequence tags. Notably, renin
cDNA is not represented on this array. Detailed protocols for probe
synthesis and microarray hybridization have been described69,70 and
are available at http://cmgm.Stanford.EDU/pbrown/. In short, 40 mg
of total RNA was used for single-strand cDNA synthesis using
commercially available universal mouse reference (Stratagene, La
Jolla, CA, USA) as a shared standard among all microarray
experiments (labeled with green fluorescent Cy-3-dUTP) and mouse
kidney cDNA labeled with red fluorescent Cy-5-dUTP. After
overnight incubation at 65 degrees C, arrays were washed and then
scanned on a GenePix 4000 (Axon Instruments, Foster City, CA,
USA). After normalization of fluorescence intensities to control for
experimental variation, the red/green ratio (kidney/reference) was
calculated using GenePix Pro software. Data were filtered with
respect to spot quality and data distribution as previously
described.70 Analysis was restricted to genes showing available data
in more than 80% of the arrays tested. Data were log2 transformed
and viewed by Treeview.69 SAM was performed as described.36
Primary data tables and microarray images are freely available from
the Stanford Microarray Database (http://genome-www.stanford.
edu/microarray).
Reverse transcription-PCR and Northern blot analysis
Primers and protocols for RT-PCR of renin,71 HDC,72 and b-actin
control72 have been described. Digoxigenin-labeled sense and
antisense riboprobes were made from RT-PCR products71,73
according to the manufacturer’s protocols (Roche Diagnostics,
Indianapolis, IN, USA). The specificity of the HDC riboprobe was
tested using a commercially available mouse mRNA Northern blot
(CLONTECH Laboratories Inc., Palo Alto, CA, USA).
Immunohistochemistry and in situ hybridization
Tissue sections from all samples (mouse and human) were
immunostained in triplicate using the Envision system (DAKO,
Carpinteria, CA, USA) and in situ hybridization was performed in
triplicate using kidneys from non-pregnant (n¼ 3) and mid-
gestation (day 13; n¼ 3) mice using the GenPoint (DAKO) kit
according to the manufacturer’s instructions, which we have
previously described.73 Renin served as a positive transcript control
in kidney sections.71 Mast cells and fetal mouse kidney served as
positive tissue controls for HDC expression.39 HDC protein was
localized using a commercially available antibody that detects both
mouse and human HDC (Progen, Heidelberg, Germany).74,75
Expression was localized by in situ hybridization using the
aforementioned riboprobe. Sense probes and/or RNAase-treated
tissue sections served as negative controls for in situ hybridization.
The control tissues were also employed to validate histamine
localization using a commercially available antibody (Research
Diagnostics, Concord, MA, USA) and routine antigen retrieval.
Sections were counterstained with periodic acid-Schiff to highlight
proximal tubule brush borders or routine hematoxylin. Localization
was also confirmed by an expert renal pathologist (JH).
Semiquantitative analysis of zonal HDC expression
The entire study set (mouse and human) was immunostained in
parallel for HDC expression. Localization in either the juxtamedul-
lary or SCZ was noted and signal intensity was scored on a 0–2 point
scale (0¼ negative; 1¼weak positive; and 2¼ strong positive) by
two independent investigators (TM and JH) while blinded to
phenotype (non-pregnant vs gestational age vs postpartum). HDC
expression in either the JMZ and/or SCZ was tabulated for each
mouse kidney and reported as the mean7s.d. for each group.
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